Considerable knowledge has been gained from temporal analyses of molecular events culminating in gene activation 1 , but technical hurdles have hindered comparable studies of gene silencing. Here we describe the temporal assembly of silent chromatin at the mouse terminal transferase gene (Dntt), which is silenced and repositioned to pericentromeric heterochromatin during thymocyte maturation 2 . Silencing was nucleated at the Dntt promoter by the ordered deacetylation of histone H3 at Lys9 (H3-Lys9), loss of methylation at H3-Lys4 and acquisition of methylation at H3-Lys9, followed by bidirectional spreading of each event. Deacetylation at H3-Lys9 coincided with pericentromeric repositioning, and neither of these early events required de novo protein synthesis. CpG methylation increased primarily in mature T cells that had left the thymus. A transformed thymocyte line supported reversible inactivation of Dntt without repositioning. In these cells, histone modification changes were nucleated at the promoter but did not spread. These results provide a foundation for elucidating the mechanisms of silent chromatin assembly during development.
Considerable knowledge has been gained from temporal analyses of molecular events culminating in gene activation 1 , but technical hurdles have hindered comparable studies of gene silencing. Here we describe the temporal assembly of silent chromatin at the mouse terminal transferase gene (Dntt), which is silenced and repositioned to pericentromeric heterochromatin during thymocyte maturation 2 . Silencing was nucleated at the Dntt promoter by the ordered deacetylation of histone H3 at Lys9 (H3-Lys9), loss of methylation at H3-Lys4 and acquisition of methylation at H3-Lys9, followed by bidirectional spreading of each event. Deacetylation at H3-Lys9 coincided with pericentromeric repositioning, and neither of these early events required de novo protein synthesis. CpG methylation increased primarily in mature T cells that had left the thymus. A transformed thymocyte line supported reversible inactivation of Dntt without repositioning. In these cells, histone modification changes were nucleated at the promoter but did not spread. These results provide a foundation for elucidating the mechanisms of silent chromatin assembly during development.
Although our knowledge of the properties of silent DNA and of the assembly of silent chromatin has increased [3] [4] [5] [6] [7] [8] [9] [10] [11] , direct temporal analyses of silent chromatin assembly have been limited largely to mammalian X-chromosome inactivation [12] [13] [14] [15] [16] . The insights provided by genetic models and the X inactivation model have been invaluable, but little is known about the silencing of individual developmentally regulated genes. One reason for this paucity of knowledge is that few developmental pathways are amenable to direct temporal analysis. Large quantities of immature primary cells are needed for a temporal analysis using common molecular assays, and it must be possible to induce synchronous and rapid gene silencing in a high percentage of cells in the population. Double-positive mouse thymocytes serve as a good model for studying the temporal events associated with silencing. These abundant immature cells actively express Rag1 and Rag2, which encode the V(D)J recombinase, and Dntt, whose product adds N regions at recombination junctions 17 . After recombination of the gene Tcra, the T-cell receptor (TCR) interacts with peptide-associated major histocompatibility complex (MHC) molecules, triggering thymocyte maturation. The early events associated with maturation, including silencing of Dntt, can be recapitulated ex vivo by stimulation with TCR complex antibodies or phorbol myristate acetate (PMA) plus ionomycin (Fig. 1a) 2, [18] [19] [20] [21] . In MHC-deficient mice, ∼95% of thymocytes are at the double-positive stage and ex vivo stimulation results in efficient maturation ( Supplementary Fig. 1 online) . Most thymocytes do not proliferate ex vivo, which limits our ability to monitor the heritability of silencing. We therefore focus on the property of 'irreversible' silencing, which we define as the absence of spontaneous transcriptional reactivation after removal of the stimulus used to trigger maturation.
RT-PCR analysis showed that inactivation of Dntt remained largely reversible 6 h after stimulation (Fig. 1b) , but reversibility was mostly lost by the 8-h time point. The transformed VL3-3M2 thymocyte line supports this same developmental step after stimulation ( Supplementary Fig. 1 online) , but Dntt inactivation remained reversible 12 h (Fig. 1c) or 18 h (data not shown) after stimulation 2, 19, 21 .
CpG methylation increased only slightly at the Dntt locus after thymocyte stimulation ( Supplementary Fig. 2 online) . We observed large increases in CpG methylation only in mature T cells that had migrated to the spleen and had been stimulated to proliferate. Restriction enzyme accessibility at the Dntt promoter gradually decreased between 0.5 and 8 h after stimulation in nuclei from primary thymocytes and VL3-3M2 cells ( Supplementary Fig. 3 online). Reduced accessibility may reflect the loss of a remodeled nucleosomal state at the promoter.
Using chromatin immunoprecipitation (ChIP), we observed efficient deacetylation at H3-Lys9 at the Dntt promoter in primary and transformed thymocytes (Fig. 2a,b) . Deacetylation was followed by a marked increase in methylation at H3-Lys9, as shown by using an antibody raised against dimethylated Lys9 (which may not distinguish dimethylated from trimethylated Lys9 or methylated Lys9 from methylated Lys27). Because methylation at H3-Lys9 at the promoter increased in both primary and transformed cells, this event is probably not sufficient for irreversibility. In VL3-3M2 cells, we observed a substantial increase in acetylation and decrease in methylation at H3-Lys9 after removing the PMA plus ionomycin stimulus (Fig. 3a) , which confirms that deacetylation and methylation remained reversible.
The above results did not show a difference between reversible inactivation and irreversible silencing, but we noted a marked difference when we analyzed other regions of the Dntt locus. In primary thymocytes, deacetylation and methylation of H3-Lys9 extended several kilobases upstream and downstream of the promoter (Fig. 2a) . The time courses suggest that these events spread bidirectionally after nucleation in close proximity to the Dntt promoter. Spreading was not detected in VL3-3M2 cells (Fig. 2b) , which may explain the absence of irreversibility.
The differences in acetylation and methylation were much more pronounced at Dntt than at the constitutively active and silent genes Gapd and Il12b (Fig. 2) . Although we observed modest biases towards acetylation or methylation in some experiments, the biases were much less pronounced than those at Dntt. We speculate that histone modifications may be polarized more strongly at actively regulated genes than at constitutively active or silent genes.
Quantification by real-time PCR showed that deacetylation at H3-Lys9 at the Dntt promoter occurred rapidly, with the most substantial decrease occurring 2-6 h after stimulation (Fig. 3b) . We also monitored methylation at H3-Lys4 in these experiments and observed an efficient loss of methylation 4-12 h after stimulation ( Fig. 3b) . Methylation at H3-Lys9 was most efficient 6-18 h after stimulation, consistent with evidence that methylation at H3-Lys9 is inhibited by methylation at H3-Lys4 (ref. 22) . Temporal spreading of deacetylation throughout the Dntt locus was readily apparent (Fig. 3c ) and occurred at a rate of ∼2 kb h -1 . Temporal spreading of the loss of methylation at H3-Lys4 was not apparent (Fig. 3e) . The H3-Lys4 methyl group either was lost too rapidly for detection of spreading or was simultaneously lost throughout the deacetylated locus. Notably, the loss of methylation at H3-Lys4 throughout a 22-kb region in nonproliferative cells indicates that an efficient replication-independent mechanism must exist for the removal of this modification. Bidirectional spreading of methylation at H3-Lys9 was readily apparent (Fig. 3g) , with the nucleation site in close proximity to the promoter. We obtained additional insight by determining the relative DNA concentrations in each sample by normalizing the amplification efficiencies of the different primer pairs (Fig. 3d,f,h) . In unstimulated cells, the densities of acetylation at H3-Lys9 and methylation at H3-Lys4 were highest at the Dntt promoter. The density of methylation at H3-Lys9 after stimulation was also highest at the promoter. These results suggest that the efficiency with which the modification machinery can catalyze spreading has intrinsic limits.
RT-PCR analysis of Dntt transcripts in cells stimulated in the presence of cycloheximide (CHX) showed that downregulation does not require protein synthesis (Fig. 4a) . Deacetylation was also independent of protein synthesis, but protein synthesis was essential for the loss of methylation at H3-Lys4 and acquisition of methylation at H3-Lys9 (Fig. 4b,c) . The experiments in Figure 4c used antibodies that recognize trimethylated H3-Lys9/Lys27 and trimethylated H3-Lys4, indicating that a portion of the signal detected in the previous experiments was due to trimethylation. Dntt inactivation remained reversible in thymocytes stimulated for 12 h in the presence of CHX (data not shown), indicating that protein synthesis is required for irreversible silencing.
Fluorescence in situ hybridization (FISH) experiments uncovered the temporal relationship between pericentromeric repositioning and the histone modification changes (Fig. 4d) . Association with the γ-satellite foci was preceded by a prevalent state in which the Dntt alleles were in close proximity but not directly coincident with the γ-satellite signal (referred to as 'constrained'). The frequent occurrence of constrained alleles at short times after stimulation suggests that they represent a true transitional state.
After stimulation with TCR antibodies, repositioning occurred 0.5 h after stimulation and reached a plateau by 6 h (Fig. 4d) . After stimulation with PMA plus ionomycin, repositioning was more efficient. The percentage of cells in which both alleles were associated or constrained continued to increase between 6 and 12 h, but substantial repositioning occurred before methylation at H3-Lys9 or the loss of methylation at H3-Lys4. At the 3-h time point, CHX had no effect on repositioning, indicating that protein synthesis is not required. At 12 h, we observed a substantial decrease in repositioned alleles in the presence of CHX, suggesting that protein synthesis is required for maintaining association with pericentromeric foci. For many years, lymphocytes have served as good models for studying developmental regulation because cells maintained at specific developmental stages are relatively easy to isolate. Double-positive thymocytes are useful for studying gene silencing because the genes encoding the V(D)J recombination machinery are efficiently inactivated in vivo and ex vivo. The events uncovered here are similar to those involved in the assembly of constitutive heterochromatin in Schizosaccharomyces pombe and of facultative heterochromatin during X inactivation 7, 13 . One clear difference, however, is that deacetylation and methylation at H3-Lys9 are nucleated at the Dntt promoter rather than within repetitive DNA elements. The requirement for the RNA-interference machinery during silent chromatin assembly in S. pombe has been linked to transcripts derived from repetitive elements 7 . Therefore, the RNAi pathway may not be required for Dntt silencing. Because Ikaros binding sites within the Dntt promoter are required for transcriptional downregulation in VL3-3M2 cells 21 , and because Ikaros associates with the NuRD histone deacetylase complex 23 , Ikaros and NuRD may help nucleate deacetylation at H3-Lys9.
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Our results show that the nucleation of deacetylation and methylation at H3-Lys9 can be separated from their spreading. The reason for the spreading deficiency in VL3-3M2 cells is not known, but this deficiency may provide an opportunity to study the spreading mechanism. Our results also showed that deacetylation is readily separated from the loss of methylation at H3-Lys4 and from methylation at H3-Lys9. These observations show that the removal of the acetyl group at H3-Lys9 is not sufficient for the subsequent events. Among the most notable observations were the early repositioning to pericentromeric foci and the efficient loss of methylation at H3-Lys4 throughout a 22-kb region in the absence of proliferation. This latter finding suggests that histone exchange can occur in an efficient manner throughout a large genomic region, or that efficient demethylation or histone H3 tail clipping can occur during thymopoiesis. Most importantly, the rapid and synchronous assembly of silent chromatin that we observed suggests that double-positive thymocytes may serve as a valuable model for further elucidation of the assembly pathway in vivo and, ultimately, in vitro.
METHODS
Cells.
We isolated thymocytes from MHC-deficient mice (4-8 weeks old) 24 and cultured them (3-4 × 10 7 cells per 10-cm dish) in RPMI 1640 medium (Mediatech) containing 10% fetal calf serum, 2-mercaptoethanol, L-glutamate and antibiotics. We maintained the VL3-3M2 double-positive thymocyte line and EL4 mature thymocyte line in the same medium. We stimulated VL3-3M2 cells using PMA (50 ng ml -1 ) plus ionomycin (700 ng ml -1 ). We stimulated primary thymocytes with PMA (7.5 ng ml -1 ) plus ionomycin (180 ng ml -1 ) or by plating on culture dishes coated with CD3 and CD28 antibodies (clones 145-2C11 and 37.51; Pharmingen). We prepared splenocytes from C57BL/6 mice (4-8 weeks old). Mouse protocols were approved by the UCLA Chancellor's Animal Research Committee.
RT-PCR and ChIP assays. We prepared total RNA using TRI-reagent (Molecular Research Center). We resuspended the RNA pellet in water (200 µl) and digested it with RNase-free DNase I (Pharmingen) for 30 min at 37 °C. We removed DNase I with acidic phenol-chloroform extraction (Sigma), followed by precipitation. We then reverse-transcribed RNA into cDNA with sequencespecific primers and amplified the resulting cDNA by PCR with primer sets specific to Dntt primary transcripts, Dntt mRNA or Gapd mRNA. Deacetylation and methylation at H3-Lys9 were monitored using the ChIP assay. (c) MHC-deficient thymocytes were stimulated with PMA plus ionomycin and CHX as in a. Trimethylation at H3-Lys9/Lys27 and the loss of trimethylation at H3-Lys4 were monitored using the ChIP assay and antibodies that are specific for these modifications. (d) MHC-deficient thymocytes were stimulated with TCR antibodies for 0-20 h or with PMA plus ionomycin for 0-12 h. CHX sensitivity was monitored at 3 and 12 h. The subnuclear locations of the endogenous Dntt alleles were determined by FISH. The percentages of cells in which both alleles, one allele or neither allele were either associated with pericentromeric foci or in a constrained state are indicated. Alleles were defined as constrained if they were within or at the edge of the dark area surrounding the γ-satellite foci (which was less accessible to background staining) and if the long side of the elongated locus was parallel with the face of the γ-satellite signal. The components of this dark area and the significance of this constrained state are not known.
We carried out semiquantitative and quantitative ChIP assays using modified versions of the manufacturer's protocol (Upstate Biotechnology). Detailed protocols are given in Supplementary Note online. The antibodies to acetylated H3-Lys9, dimethylated H3-Lys9 and dimethylated H3-Lys4 were from Upstate Biotechnology (catalog numbers 06-942, 07-212/05-685 and 07-030, respectively). The H3-Lys9 antibody may crossreact with trimethylated H3-Lys9 and with dimethylated and trimethylated H3-Lys27, and the H3-Lys4 antibody may crossreact with trimethylated H3-Lys4. Antibodies specific for trimethylated H3-Lys9/Lys27 and trimethylated H3-Lys4 were from Abcam (ab8898 and ab8580, respectively).
Confocal microscopy. We carried out FISH experiments with γ-satellite and Dntt probes and stimulated thymocytes with TCR antibodies as previously described 2 . We stimulated thymocytes with PMA plus ionomycin using the same conditions as in the ChIP experiments.
